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1.0 INTRODUCTION 

HMs pipose of to lepoit is to oudise ^ i^^^ttl^il liie ^ 
niethods used in environmental problems and provide practical examples throi^ 
case histories where the methods have been applied. The descriptions of the methods 
used are intended as brief outUnes to provide basic understanding of the methods 
only. If greater understanding of the physical principles behind the methods is 
desired, the references given at the end of the report or any geophysical text should 



wm^ ^ lP@ift@^^ M Imting \mBisi hmssimm. W^m ^ in delineating 
contaminant plumes from buried wastes or spills is now common practice. 
Geophysical instruments which have Uttle or no contact with the ground, record data 
at selected intervals along grid hnes enabling large areas to be covered without 
causing any negative impact on the land. From the interpretation of this data, 
fliei^tual cause M iilMt relationships ^ it liPeloped, features of intci^ &t 
Clinch mm. M di^fini^ttBd mm importatifl^ e&sm toii^ mkai^m, 
iimediation and/or monitoring can be focussed and localized. For many 
environmental problems such as location of buried tanks and drums, outlining areas 
of illegal or closed waste sites and delineating contamination plumes from highly 
conductive sources, geophysics has proved to be an efficient and cost effective 
method. With the high cost of clean-up of c<mtamimted Mll^iiilii^^l^ idH 
Ipid i«^|)iQmtiEiti(^ of owniAg s^cfa pso^pii^iaiest develops wmt 
mmB^mmms^^propeTdes wUch they may want to acquire are notconfimteM 
In many cases, geophysics can fnovide valuable information outUning areas that 
require clema-up an4 when the workhas been cocE^deted* assurance jliatclean-ii^ has 
occurred. 



It is important that the geophysical method and instrumentation chosen be the most 
^ective fof^ piiij^dirpiQ^teiti at hi^. £a laEmy cases mcxee than oiie nteiiiiil 1^ 
afpMbtet The geology, depth of Inv^tigation, type of anoipiM^ expected (le. 
ferrous, non-ferrous, ct^uductive, non-conductive) may eliminate some choices or 
make some choices more effective than o±ers. Some of the more traditional 
geophysical methods such as seismic and conventional resistivity, have an important 
role where mj^ping geology is important; these methods, however, are more time 
consuming and labour intraisive. llie methods which will be discussed here can all 
be CQi^htcted ^§m^: tj^iit two p^son cxews and in msm mms^ % i sl^le 

and disafhra&tag^ vMsk wiU oitfEb^ 
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The surveys described in diis jr^rt are all conducted in a similar mano^ where data 
are iicQided along grid liiNB$iCs|)ee^giii^^ fhe line spacing^iDiii&sOrding 
intervals sm dtBosm iQ pxmde suGMieail Jala to ie^lliEptis target The mam 
factors to be taken into account when choosing Hl^ spacing and recording 
intervals are the horizontal resolution of the instrument used in the survey, the 
instrument noise level caused by culture sources and the size, shape and depth of the 
target. 

M GEOPHYSICAL METHODS 
2.1 MAGNETIC 

The earth can be considered a large bar magnet with both a north and south magnetic 
pole (dipole). As in a bar magnet, the density of the hues of flux surrounding the 
earth is a function of the earth's total magnetic field intensity. The unit of 
measurement for magnetic intensity is the nano Tesla (nT) or gamma. The intensiQr 
of the eartli's UJtal magnetic field is strongest atlie^iBipeip fpl^ (60,000 nT) where 
the total magnetic field is vt^cal, and weakest at die earth's noagnetie equator 
(30,000 nT) where the total magnetic field is horizontal. North or south of the 
magnetic equator, the total magnetic field can be broken into vertical and horizontal 
components. The intensity of the earth's magnetic field at any point on the earth's 
surface is known and varies slowly with time. Since the intensity of the earth's 
magnetic field is known for a given location, this background value can the be 
conq>ared with anomalous vahies reccmted due to tiie presence of fim!oas metals. 

The instrun^nts used to measure the earth's magnetic field are called magnetometers. 

There are various types of magnetometers such as fluxgate, proton and Ove±auser 
proton. Some measure only the vertical magnetic field while others measure the total 
magnetic field. Magnetometers with two sensors spaced at some distance apart are 

tii§ei $^a^smmm. With iSm^Mmmmm the gradiem Mi^ ma }mm^m^isied by 
subtracting the d£Kia«Miee between the total or vertical fldd valw^ reanded If ^e 
two sensors, and by dividing that value by tiie distance between tiie seizors. 

In environmental investigations, the primary objective of magnetic surveys is to 
locate buned ferrous metalhc objects below the earth's surface. Ferrous metallic 
objects create anomalous values in the earth's total magnetic field which are measured 
and compared to the background magnetic field for the area. These anomalous 
mapeetic ficl^ aie due to two t^j^M m^ai^^mt f^SilmA Mim^ and pennanent 
magne^j. laduoed mapid^i^ ii #iig^Betlbe eartii's field Ifflii cm tiiefert^ 
whidh causes the me^ to become magnetized. The nortii and soutii poles of tttt 
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metal due to the induced magnetism will be in alignment with the earth's poles. 

Bmmmt ttm§^&&sm k ^^mimt ^mtiiky m dm im^silim^mil p>ti^es of the 
m0^m^^i^MBtiBMM couMliein ai^y ^rectlQii. The v«;tor 

mm of the induced and pennanent magnetic fields within the same metallic object 
may add or subtract from each other. The maximum magnetic intensity caused by a 
ferrous metallic object is when the objectis orientated so that the pennanent magnetic 
field is ahgned with the induced field. 

The general f(%aoiulft for estimating the maxitnum lEC^atBde of ffl^ ig^n^ igt ^ 
imi&is: 

T ^ M(IO') 



T= anomaly inn 
r s is the d^imce tmn !^ mmm lo Urn centre of msm. 



n = is the fall-off rate (n=3 for a dipole, and n=2 for a 
monopole). 



Iletti^i3f ^^cttseffiBctii^ thi ^m6m^tMw^tm0^em^'^^ m 
foQows: 

(a) 
(b) 

m 
m 

For dipole anomalies; such as tanks and drums, the total field response varies 
inversely as the cubed root of the depth below the sensor. This means that if the 
distance between the magnetometer and the object was doubled, the magnetic 
xesponse would be reduced by a factor of eight For this n^son the p^Ml^iil^0^ 
for locating aisSagle biii|ed4i pllon dnoit is betwecsi 2 and 3 mietres. The sec^d 
factor in locatmg btui^ iiilS^tti isirjects is the magnetic moment of the object. 
Breiner^ describes the magnetic moment of an object as "the degree of magnetism of 
lAie matedal times the volunie of the material". He also states that "for typical man-^ 



the depth of bunal. 

the amount of ferromagnetic material contained by the object 
(magnetic moment). 
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made iron or steel objects, the magnetic moment, M, is between 1^ and 1 (y^ cgs tinits 
per tm (either 1000 kg or 2000 1^". Wnt tfaiid factor ^ the orientation and shape 
of the object. Theoiientation if iie obje^ is iiapiiBil since the total magnetic 
response is the vector sum of the induced and permanent magnetic fields which may 
add to or subtract from each other as described earlier. The shape of the object is also 
a factor in the magnetic intensity. For example, a crushed drum does not give as 
large a response as a normal shaped drum even diough the amount of metal is the 
same. Finally, the magnetic environment where ikt- ob|e(^ Is btiiiii tt large 
bearing on whe^er it can be detected or not. For sample it would not be pCKSsible 
to locaieaiA @bject with aa^^^le^^ 

buried with objects that had a magnetic response of 100 nT. Cultural effects like 
buried pipe Unes, electrical and telephone cables, buildings, ferrous metallic debris 
and reinforcing steel in concrete are a few sources of magnetic noise which may 
create problems when carrying out magnetometer surveys. 

m ELECi^MM^S^^IMlC (Frequency DomalB) 

These are two types of electromagnetic mei^uiements referred to as frequency 
domain and time domain. In general terms, frequency domain instruments measure 
the relative strength of a continuous secondary magnetic field while the time domain 
instruments measure the decay of a pulsed secondary magnetic field. The 
electromagnetic insUounents used in this pubhcation are all frequency domain 
instiimients with the exception of the EM-61 Metal Detector wtti^ Was used as part 
of the investigsitiion for locaing buried drums in Elmira, Sec^on 4.12. 

An electromagnetic survey is a geophysical method for mapping the terrain 
conductivity of the earth by induction. The most significant natural variations in 
terrain conductivity of the earth are porosity, conductivity of soil moisture, degree of 
saturation and the presence of clay or bedrock. The general principle behind how the 
terrain ccfiE^ut^vl^ is inii^sraied «iBctxQmagiietic mstnWi^S desocibed by 
McNeill (1982) as follows: "A smaU transmitter coil is siti»ied m et close lo the 
earth as illustrated in Figure 1 . An altemating voMgei i^^iiaUy at an audio 
frequency, is appUed to the terminals of this coil, causing a current to flow. This 
current generates an altemating magnetic field, (Primary Magnetic Field) which 
through Faraday's Law, causes electrical current to be induced in the earth (no such 
current is induced in the air, which is effectively infinitely resistive). The induced 
current in the earth generates a secondary magnetic field. Bo^ the primary and the 
seco&da;^0eiEb ace deeei^ed a receiver coil lomiBed imsiho m 6@i» as 

showuli |%ure 1 , and in principle, measurement of the ratio of the secondary to the 
{nimary magnetic field strength can be used to detranine the electrical resistivity of 
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the earth". Under certain constraints, defined as low indttctiOtt niimbecs, the latio of 
the secmidazy fidd to dtefotmaiy niagn^c field is Iini»urly|HO{XMti^aid to die tiart^ 
e^ductivity of the earth. Under diese eoadKtionSr die lecdvor records die value of 
tenain conductiviiy directly. 



Transmitter 
Coil 

N 



Primary magnetic field 




Secondary magnetic field 



Hgttie 1 . Inductive electromagnetic fields (From McNeill, 1 982). 

Electromagnetic methods have been used for many years in the mining industry for 
locating ore bodies. It was not until 1975 that the first electromagnetic instrument 
was designed for shallow terrain conductivity mapping for in helping resolve 
environmental problems. The two instruments most often used are the EM-31 and 
die WM^M which display values of terrain conductivity directly. The units of 
measiu^ment are milliSiemens per metre (mS/m) or millimhos/metre (nmihos/m). 
The effective depth of penetration for these instruments is determined by mode of 
operation, either vertical or horizontal dipole mode, and the distance between the 
transmitter and receiver coils. In the case of the EM-31 the coil spacing is fixed at 
3.7 metres; the effective depth of penetration is 6 metres m the verdcal dipole mdde 
md 3 meti^ in the horizontal cHpole mode* With the BM-34, die intox^il spadng 
can be adjusted to 10, 20, and 40 metres; the depth of penetration is 0.75 or 1 .5 of the 
tioil separation when die uistmmi^tis pperated m the horizontal or vertical dipole 
modes r^pectively. 



hi the EM-31, two components of the induced magnetic field are measured. The 
quadratore-phase component is the normal terrain conductivity measurement; the 
inphase component, which is very sensitive to large metallic objects, can be used in 
search of buried tanks, drums md odi^ metallic targets 
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23 VLF RESISTIVITV 

The VLF (Very Low Frequency) Resistivity method uses carrier waves from military 
transmitters as a signal source. The transmitters presently operating in North 
America are located in Cutler, Maine and Jim Creek in Washington State. The 
transmitter frequencies for the above stations are 24.0 kHz and 24.8 kHz respectively. 
There was also a transimtter in Annapolis, Maryland operating at a frequency of 2L4 
kHz until 1997. The principle governing the operatioit ^ iie WBS^^ty 
method asdescnl>edbyGi9eiilicmse and Gi^^ *'M$^mm^saaaec 
fiom a VLF transmitl», tiiiiafcedfleldis apkne wave& 
magnetic fislii pCTpendicular to the direction of propagation, a horizontal electric 
field component in the direction of propagation, and a vertical electnc field 
component." When conductive bodies within the earth are encountered, the current 
flow channels through the conductive body and creates a locahzed increase in the 
horizontal magnetic field strength. The VLF receiver measiires fti aaiiifiBdiS Gfte 
hotli^^ ^smAc mi m^l0^ field components. T%e fait» cf ffieii^ld 
conqwnraits is Uied tooilSBb^^e^a^^ resistivity of the earth. The phase angle 
is also measured between the horizontal electrical field and the horizontal magnetic 
field. When the phase angle is 45 degrees, the earth is homogeneous down to the 
depth of investigation and the apparent resistivity will be the true resistivity. In a 
layered earth with more than one resistivity a phase angle of less than 45 degrees 
indicates the resistivity of the earth is ui@lii^l|g ^Ifli dep&n, and when ttie phase 
angle is greaier than 45 degrees the resistivity of the earth is decreamg Mik depih. 
Knowing whether flie earfli is homogeneous or whether the earth's resistivity is 
increasing or decreasing down to the depth of penetration of the instrument is useful 
in both the intnpretation of the geology and possible effects due to contamination. 

The depth of penetration of this method is a function of the overburden resistivity and 
the operating fi^quency and is referred to as the skin depth. The q>proxiinate d^th 
of exploration is lougMy 2/3 of the skin depth (McNdll, 1990). 



skin depth (m) = 500V(p/f) 
where p = resistivity (ohm^) 
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2A GROUND PENETRATING RADAR 



CSttnmd peiietttiQ^fwiEK Is an electroma^ic m&Sb^ iiMch operates at vea:y liigh 
frequencies in the range of 10 to 500 MHz for environmental studies' compared to 
VLF operating frequencies of 15 to 30 kHz and EM conductivity meters with 
operating frequencies of 0.4, 1 .6, 6.4 and 9.8 kHz. The size and depth of the feature 
that can be detected by GPR is dependent on both the operation frequency and the 
geology. Davis and Annan', 1992, indicate that 





i mxms m gs^l^m iormations mfh Im 
tss than 1 mS/m) such as sand, gravels, rock and fic^ water at a 
frequency range of 25 to 50 MHz. The lowest penetration is in fmcfndned niatec^ 
siichi as clay where the perpetration may be as low as one metre.' 

The GPR unit sends short bursts of electromagnetic energy downward into the 
ground from the transmitter ant^sil tla/t 0&tsM* "Tim Mm^M 

it^ftesiid bacli interlaces of luaieiiils wh»^ 

have #ifi^!t^t electrical properties. The reflecting interfaces could be at changes in 
geology or buried materials such as wastes. The data are transferred to a console for 
storage and data processing for display. The radar reflections are displayed in a 
graph of time versus distance, similar to that of seismic reflection data.' * 

M AFPLICATION OF GEOPHYSICAL MEI^]^ TO ENVmONMElfT^ 



3.1 MAGNETIC 




Magnetic surveys are to help resolve environmental problems where hazardous 
liistes are associated with ferrous metal containers. Hazardous wastes may be 

ecifitti^iied ^^m^'iSsssm, luil^ 'txm^Smmm etc.; m 
\ mststisshme, hem biiriied mi^ ^er metallic objects which act as a 
tracer for the wastes. Magnetic surveys may be used to help enforce municipal bylaws 
by delineating illegal waste sites such as construction rubble which should have been 
disposed of in a landfill site. Abandoned buried pipelines or wells which have not 
been properly sealed may transport contamination from the source area to non- 
contaminated areas or aquifers. Magnetometers can also l^^iii to ioopMlSil^ety 
during site flssesSiEii^ l)^ siMngi^ 
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3.11 Advantages of Magnetic Surveys 

1. Continuous lecoiding instruments, referred to as walking 
magnetometers or gradiometers, can cover large areas quickly allowing 
for closer line spacing and dius better resolution of the anomalies. 

2. Total field data can be interpreted both quantitatively and qualitatively. 
Computer interi»ietation s£iEWleB^ $UClt as Giidepd||ip; ^ Ciie08^ 
allows for three dunensional analysis of ilie anoiniibs 1>y lisdectuig 
anomalies based on the pefcent eior in the x,y and z diiueaisions- 

3. The portabiUty of magnetometers allows for data to be recorded over 
rough or wooded terrain, especially in manual modes. 

4. The gradient data do not require correcting as a result of daily changes 
(diunuU vaiiaidons) in l^^itfh's magnetic field, 

3.12 DisadYaiitages orMtegDetoiii^ 

1. The magnetic intensity of anomaUes may vary depending on the 
orientation of the object 

2. Fern»nagiietLc debris or other culture sources such as fences, steel pipe 
liues, building$^aii4|ive electi 

or iiiQX»sible to interpret 

3. Magnetometers only respond to ferrous metals and not to such metals 
as aluminum, brass, tin and copper. 

4. Under some condition$i te i&^^a%^^^ 

magnetic field, the total field data may require correc^ons. 
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3J MLldltOMAGNETIC (Frequency Domain) 



tc saiyt^giiRiiHfFiig^^ which provides 

sufficient contrast in terrain conductivity as compared to background values and lies 
within the depth penetration of the instrument. Sufficient contrast is variable 
depending on the terrain conductivity of the background but it should be large 
enough that it stands out from the background conductivities. At some sites, there 
may be two or more areas with distinctly diff^nt backgrottaitltfiii M ilsSSiti^ 
geology or depth to wals^ table. Jf ib^ azeii axe large enough, eaiM mm my be 

anoQ^iili fiiues. An^^itt^ii^f this, is m Bgoie W 

below (he bW sq^arating the 



vanes si 

contaminant plume. Naturally occurring terrain conductivity contrasts in the earth 
are due to porosity, SPU noistuie content, clay content and conductivity of the soil 
water. 





Cont^ninant plumes may be caused by el^ipr ii^aaie mot^anic sotiz^^. Os^SBis 
mmmstAm^mMmmw&^slm^miat^^ Thephime^ 

likely tol^pisltn^Asl^^ conductivity contrast with the background geology. 
It is important when mapping organic plumes that the geology be uniform and that 
the area be free of culture sources which may cause instrument noise. Inorganic 
plumes are conductive and usually provide a much greater contrast in terrain 
conductivity with the background geology than do oiganic pluaies^ Oiaag^ in 
terrain eoitda<@Etl%lii^<x^^ aiei® ffl»dae toi^ toiMse iii the total 

di^lv^ soli^ (W^M'mi^WaSsttotl^^ in the soil as a result of leaching or direct 
liquid disposal in the soil. McNeill" states that with the addition of approximately 
25 ppm of TDS to the soil water, the bulk soil conductivity will increase by 
approximately 1 mS/m. Two of the principle appUcations of electromagnetic surveys 
are contaminant plume moping and locating buried hazardous wastes. The basic 
survey method is to record the data ovor ttie suspected contaniimited area sure 

cWliie !^tei»r|^Iinne b@ipidanes. The terrain conductivity iiiQi^ Me 
recorded i^liiil profiles or on a grid pattern. It should be noted,however, ^0 
with the use of geophysical methods, mapping the full extent to the contaminant 
plume will not likely be attained. Geophysical mapping is only a tool that provides 
guidance to the hydrogeologist in showing direction, minimum extent and in some 
cases some information as to the depth of the pluotte^ 'Xlis^^^EiiiliEil iit^ tty^ be 
osied by the hydrogeolo^in the des^plg^if the mwM^ well ne^¥^ 
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A summary of the various applications of electromagnetic surveys are as follows: 

1. Contaminant plume mapping of landfill sites. The map of the contaminant 
plume can be used to optimize the design of a monitoring well network for an 
existing landfill or it could be used to assess an existing monitoring well 
network to determine if there are anomalous areas not monitored. The 
conductivity map will show shallow groundwater flow direction and may 
indicate whether tiie landfiU is out of compliance regarding property 
boundaries. 

2. Salt contamination plumes either from storage facilities or from road salting 
operations. By mi^ping the direction and measurable extent of the salt 
contamination the information can be used to help determine the responsible 
party for contamination and assess which down gradient wells are or may 
become contaminated. 

3 . Other ^pes of morgantc plumes that can be ntuqpped are industrial plumes due 
to acids or bases, mine tailings, f^tilizer and sewage lagoons. 

4. There are some case histories published where electromagnetic surveys has 
been used to map organic plumes. Organic plumes consist of two different 
types, hydrocarbon (LN APL) which float on top of tiie watertable and heavy 
organic contaminants (DNAPLs) which sink. In either case, the orgamc 
material reduces the conductivity with respect to background. Data 
interpretation is difficult since the effect of the organic contaminants will 
likely be small compared to possible changes in geology. 

5. Electromagnetic surveys can also be used to locate former landfill sites (which 
may no longer resemble landfill sites due to changes in use), as well as to 
locate illegally btiried wastes which should have been sent to a landfiU. 

6. Undulating bedrock within the penetration of tiie instrument can be nu^ped 
provided Acre is a good contrast between the bedrock and the surrounding 
geology. Buried bedrock channels may change normal groundwater flow 
directions and therefore knowing the location of these channels would be 
crucial in designing the monitoring well network. 

7. VLF has been used to map groundwater aquifers associated with vortical 
bedrock fractures and geological faults and tiierefore may have some 
i^lication in in2q>ping such formations should they become conta m i n ated. 



-r'- - ■'i ! 
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8. 



The EM-31 Conductivity Meter, when measuring the inphase 
thfeUi^iEi^liietiiiMid, can dmsci boi^ nuptals 
tassks, leinforced eona!ele f oondatidM, ^$es and oUaet mttaSB^ debris^ 




I, 



' Ey^ctroDiagii^ SiirvefS 

Large areas can be covered quickly with sufficient detail so that good 
resolution of the contaminated area can ^ iottil. 




such a$ IP ili^ippcies m 
therefore cm tee recorded amt 




resistivit 
concrete 



ig; data 
vny nesistive 



3. The effective deptii of penetration is controlled by the instrument mode 
(vertiod m boriz^tal dipole) MiL iBii^iiL i^puKsiiai. JHf i^g a 
combination of EM-3 1 wiM K-rflli^cBin^tii dsf fii proxies fii»£n 3, 
6» 15, 30 aitd 60 HHBties may be obtain^ 

4. The EM-31 Terrain Conductivity Meter can measure both the quad- 
phase and inphase component at the same time with tl^^ "se of a data 

5. Both ferrous and wm-§m&i^ niitsds can be detect^ when qpciile^ hoii 



3J22 Disadvantages of Electromagnetic Surv^ 



h Hie instrmiEiMl^ not 
(io 1000 Qfani'- 



weU in UMf lesiitt^ foimations 



I, There are depth limitations compared to conventional resistivity 
methods. 

3. EM methods can be sensitive W loke Irom power Vmts, mdm 
; Cities and nieM fmss^. 
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3 J VLF RESISTIVITY 

VLF resistivity surveys can be used to map change in the earth's resistivity and are 
especially effective in areas where the surface resistivity is high and where there is 
an elongated conductive area at depth which channels the current flow. The VLF 
resistivity survey can be used to locate conductive bodies such as contaminant plumes 
and buried channels in resistive bedrock. VLF resistivity surveys are an alternative 
method to other types of EM surveys for contamination plume mapping. 

331 Adyantages of VLF Resisfivity Surveys 

1 . The instrument wcnks well in high surface resistivity areas. 

2. A VLF resistivity survey can be carried out by one person provided the 
stations have been previously marked, making the surveys fast and 
econcMnical con^pared to convmtional resistivity mediods. 

3. The method provides good lateral and vertical n^lution of 2 layers 
provided either the thickness of the first layer or resistivity of one of 
the layers is known. 

4. The phase-angle provides information which determines whether the 
earth is homogeneous or layraed and whether the resistivity is 
increasing or deoeasing foi ibe depdi of penetration. 

5. The instrument can be used effectively in wooded areas or where there 
is limited space. 

3.32 Disadvantages of VLF Resistivity Surveys 

1 . The depth of penetration is variable depending on die eartfi resistivity. 
The greatest penetration is in resistive areas and liie lowest pmetration 
is in conductive areas. 



2. 



There will be some error in apparent resistivity values recorded in and 
adjacent to areas where there are substantial changes in near surface 
resistivity. 
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3A GROUND PENETRATING RADAR 



icattiits ytl 

and in investigating hazardous waste sites. GPR is most effective in resistive soils 
where it can be used to map depth to bedrock and water table elevations. In bedrock, 
GPR has been used to map fractures and measure changes in bedrock type. In winter, 
GPR has also been used on frozen lakes to map lake bottom sediments. At hazardous 

such m innns md tmlm^ U ma looite b&k mMHc and non-metallic 



i«41 Advanli^ (4 Graimd P«iietr»tiiig Radar 

L The method provides continuous high resolution data. 



2. 




3. Can be used inside buildings or along the outside of building 
foundations. 

4. Qpi be n^ ^fmi^ icie 10 n^di^iipfQ£i^i^wat(» wid seifioMaite. 
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Penetrate Radar 



Wet clay formations severely limit penetration of GPR. 
Hie penetration is site specific depending on the geology. 



M SUMMARY 



The four geophysical methods described are the chief methods used in helping 
resolve environmental problems concerning buried hazardous wastes and 
contaminant plume mapping. In some cases, more than one method may be 
appliciilltldi i^lving a pardcG^ psii^ SiSi dl the paranac^eis to consli^ 
^en #90^g ^ geophj^cal m0kod are pilii^v ^t^d^cmUminmik d^ptfh 
penitQiidtt required to ia^mm the conuuninant as well as availability of the 
equipment, coit of purctetse Or rental^ and peprsional prefoencej 
investigator. 
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The depth of investigation will have some bearing on die difficulty of data 
interpretation. In general, the deeper the measurement, die more difficult the 
int»pretation dm to such parameters as signal strengdi, and inoeasing con^Iications 
related to geologic layering and the likelihood of multiple taig^et iesp<nises. 

The survey design and procedures will also vary depending on the type and purpose 
of the survey. Choosing Une spacings and recording intervals along the lines is a 
decision which is always site specific. The line spacing and interval along the line 
make a data grid which should be small enough so that die target will not be missed. 
Some of the parameters which decide diese spacings ate: 

For fating Buried Metals 

1 . The size, shape and configuration of the target. 

2. Depth of the target 

3. The lateral resolution of the instrument bdng used. 

4. How clean the site is from noise. 

(Noise is the response from any source other than the target which may 
totally or partly camouflage the response from the target being sought 
If the target is suspected near an area of interf ezence, a iiK»e detailed 
grid may help distinguish between die unw^ited intnfnence responses 
and the response from the target) 

5. The length of the target 

For long targets like pipes, the line direction, where possible, should 
be popendicular to the target This is espedaUy true for instruments 
using data loggers. Li situations where th^ is a pipe close to a 
building foundation, a dose grid parallel to the btiilding may produce 
better results. 
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For Mapping Contaminauon Plumes 



the size 



Need sufficient data points to define the edge of the plume. If too 
large a grid is used a small plume may be missed or the plume will 
appear larger than it actually is due to interpolation between the data 
points. It is sometimes necessary to reduce the grid spacing to tS^^SM 
Im^m mmmsf mm Urn eilgs of the phsm car to 4sWam^ Urn 

2. The length of the plume. 

£tl^|)lume is elongated, and the geology is uniform, the line spacings 
mU0 are perp^odiiiil^ «D fhe ^Ittaae Jlay lie iaoP@!^. The n^ctmd 
data Interval ^i^ii be mainMoed fo 4e^ieate edlge of flim^imm^ 



mBSlES^ lines and well casings. In the flist amt^ blslory, drums v/m^$mi^. 
ata^pth of less than 2 metres in a relatively clean environment (ie. little or no scrap 
ferrous metal buried with the drums). In the second case, drums were buried or 
covered with fill material mixed with scrap metal up to depths of 4 metres. In the 
third case history, the magnetic response obtained from wells, a 4 inch metal gas line 
and a 1 000 gallon fuel tank is shown and finally, Ae fourth case history compares ^ 
niapetica&iMmaliesoffii^tail^^^^^ 
rsspomn ttom vms& ml% siie and caim^Ott. 

ML THE LOCATION OF BURIED P RI IMS AT A DEPTH OF LESS THAN 
TWO METRES AT A SITE IN TRENTON 

The survey was carried out to investigate 1^ S^l6g0i^ diii Itaffis £«Hitalnibig 
ba^azdm Imd hmx hxm^ m Urn mt» ci a fa^tny 'm Tm^pm, The bioM # 
sa^ msm have due^^u^ied the qixaliCf of the grotin^^^^afier in ^ atea ^d 
would %Mm hem illeg^- 



rASFHISTORngS 
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The area of investigation was about 40 by 50 metres and mainly free of soap metal 
on the surface. Metallic objects which would interfere with the magnetic field 
responses were a chain link fence around three aides of die area, a sted shed, a stack 
of drums <m the surface and conoid curbs (shown in Figure 2). 

The instrument used for the magnetometer survey was the McPhar M700 
Magnetometer. This instrument is a vertical field flux gate magnetometer where the 
vertical magnetic field is recorded relative to a base reading chosen by the operator. 
In this case the base reading was 1000 nano Teslas. The survey was carried out by 
reading the vertical magn^c fidd on a two metre grid decreasing to a one metre grid 
over die main anomaly. 

The results of the survey are shown in Figure 2. The surface metallic objects ie., 
fence, surface drums and steel shed created a negative metallic field relative to the 
base reading of 1000 nano Teslas. The pile of concrete curbs created a dipole 
anomaly with both positive and negative poles. The areas where metallic metals were 
buried are generally oudined by the 1000 nano Tesla contour. The excavation of 
diese anomalies revealed 173 drums buried about 1 metre deq). The drums c^tained 
PCB contaminated oil and solveats. 
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Nate: 173 Drums BurM On St* 
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N4AGNET0METER SURVEY (TRENTON) 

10 MAONOIC ANOMAUES OF BURIED DRUMS 

(meters) ^ FIGURE 2 
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4.12 THE LOCATION OF BURIED DRUMS AT DEPTHS UP TO FOUR 
METRES ON THE A SITE IN ELMIRA 

BACKGROUND 

A magnetometer survey was carried out to investigate allegations that drums had 
been buried on the site. There was concern that drums containing hazardous 
chemicals would contaminate Elmira's groundwater supply. The site consisted of an 
area about 1 20 by 200 metres. Most of the area had been used as a disposal site for 
fill excavated locally from buildings, sewers etc. The fill in some areas was as deep 
as 4 metres. In addition to fill there was also a lot of scrap metal distributed around 
the ^te. The north-east area of the site had been used for disposal of asphalt and 
concrete, some containing reinforcing rods. Since there were various types of scrap 
metal on the surface it was assumed that scrap metal would also be buried. This 
made estmiatmg a range for the noise level impossible since neither the type of object 
or depth of burial was known. The southern half of the site w as used to store drums 
md fuel tanks as well as other metal containers. Some of these can be seen in the 
photograph taken below on April 4, 1988. 




Figures. Photo of Elmira Site looking west taken on April 4, 1988 by R. 
Johnson, lEB. 
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1990 MAGNETOMETER SURVEY 

The initial magnetometer survey was carried out in 1990 using the McPhar M700 
magnetometer. This survey was carried out on a two metre grid. The data were 
analysed manually and 16 anomalies were .selected for excavation, mostly from the 
southern half of the site. Because the southern half of the site was used to store 
drums, that area was deemed 2& having a greater potential for buiied drums. 
Although there were also many anomalies on the northern section of the site, the 
surface scrap metal made the selection of anomalies for excavation more difficult. 
From the 16 anomalies selected 8 of the anomalies contained a total of 47 drums, 
some of which contained solvents. The anomalies excavated are shown in Figure 4. 
This computerized map of the anomalies was not available at the time of excavation. 

In tibe MtM survey, the field data were fiecorded to the closest 50 nano Teslas, the 
practical maximum recording sensitivity of the instrument for large survey iuieas. The 
data were plotted manually and the anomalies selected for excavation were in the 
order of 200 nano Teslas or greater. It was acknowledged that a single drum, if 
buried deeper than 2 metres, would likely be missed but groups of drums would 
likely be located within this range. Due to the importance of this issue, it was 
requested that a more sensitive survey be conducted with the latest geophysical 
equipment. In 1994, two duplicate surveys of the area were conduct^ using the 
GEM, GSM-19 Walking Gradiometer and the Geonics EM61 Metal Detector. 

1994 GRADIOMETER SURVEY 

The Walking Gradiometer has two sensors mounted on a packframe and each sensor 
records the earth's total magnetic field simultaneously. The data output from the 
instrument is the total magnetic field value in nano Teslas and the gradient value in 
nano TeslasAnetre. The gradient value is calculated by using the difference in the 
total magnetic field values recorded at the two sensors divided by the distance 
between them. 

The field procedure consisted of recording the total magnetic field data at one second 
intervals along grid lines spaced two metres apart. Distance checks were made at 5 
metre intervals, using a flagged tape for control When the data were later analysed 
on the computer, a linear interpolation of all data recorded between die S metre check 
points was made, assigning a distance value for each point. Depenctog on the 
walking pace, the recording intervals were in the range of 0.8 to 1.0 metres. 
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1 990 MAGNETOMETER SURVEY AT ELMIRA SITE 
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The total magnetic field data are shown in the form of a colour contour map in Figure 
5. The background reading for the earth's total magnetic field at this site was 56,750 
nano Teslas. Since all the large anomalous areas were previously excavated from the 
1990 survey, only anomalies in the range of 200 nano Teslas or less remained. 
Within this range of anomahes, the expectation was that thefB may be siagle dnims 
or possibly, a small group at depth where ioduoed and pemument fidds subtracted 
from each other, due to their onentatioii, thus ghring a nwdi smaller than expected 
respcmse. The gndieat data is shown in Hgore 6. The gradient data eliminate any 
time variations in the data or effects from magnetic storms. This information is 
useful in helping estimate the depth of the anomalies since shallow anomalies 
produce high gradients. Because of the number of anomalies due to the scrap metal 
on the site, a more advanced approach to data interpretation w as requir ed to locate 
possible drums. To do this, the computer program aSkd GRBXEFT^ was used to 
select potential moiiialies whidi ooidd be onse^ by drams. 

GRIDEPTH* 

The following is a very brief outline of the method to illustrate its use and not 
intended as a manual on how to use the program. The GRIDEPTH® program" uses 
the Euier deconvolution process which requires the following four grids as iapat 
dw ti»* 

1. - T s The total magnetic field 

2. dT/dx = The first derivative in the X direction 

3. dT/dy = The first derivative in the Y direction 

4. dT/dz = The first derivative in the Z direction 

The four grids are usually calculated from die total magn^c field grid. 



/ 


Elder window 


grid limits ^ 
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>» window shMi 


one grid cell for ooch solution. 



Figure 7. Ettler Window Fbr Calcuhtioii Of GOtlDEPTH* Sohitions.'^ 
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In general, a cell size for the total field data is chosm wbich Is fiot le$$ than fht 
pacing between the data pomts along Uie lines. As iflnstiated M Flgme 7, a Euler 
Window**^ size is chosen (usually 10 by 10 grid cells in size). The she of the 
window is chosen so that within the window there is substantial variation of the field 
and field gradients, but small enough to basically include significant effects from 
only single sources. For this survey, the cell size was chosen as 0.8 metres making 
a window size of 8 by 8 metres. For each Euler Window, the GRIDEPTH® program 
applies Euler deconvolution by using the data extracted from the square window 
ten e$0k of tlie $cm input grids. Tbe wiadow is dien shifted one grid cell and die 
process repeated to calcolaie a new sohition. Ate the window lias ciossed tbt first 
row of grid cells, the window shifts up one cell at the left side and again proceeds as 
befoie calculating solutions with the window shifdng one cell at a time across the 
survey area. The solution calculated is the distance (x,y and z) expressed as a 
percentage of error to the target from the centre of the window. Since a high number 
of solutions are calculated, the only solutions saved are those that are less than the 
limit specified by the user (ie less than 20% or 10% etc.). 

To further define the type of source tttM. is bdng selected, die structural index'^ 
parameter is appUed. The stiu^uini mdex is defined as a measure of the rate of 
change with distance of the magnetic field. Since the rate of change is different for 
various sources, using the correct strucmral index for the target sought (like a drum) 
will result in a more accurate solution for that type of target. SUnctural indices^^ for 
a sheet, a vertical drum and a tank are 1.0, 2.0 and 3.0 respectively. The correct 
structural index is the one which produces the closest cluster Of solutions for a given 
target. Figure 8 illustrates the best solution for a v«tical pipe. In this survey, 
structural indices of 2.5 and 3.0 were tried with 2.5 giving the best results. 



Vertical Pipe 





poor 



Sl«3 



flood 



Figure 8 . Shows comparative GRIDEPTH® Solutions using different Strucmral 
Indices jfoir a Vertical Pipe (from Rdd, 1990). 
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GRIDEPTH ANALYSIS 
LOCATION OF BURIED METALS 
FIGURE 9 
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Each sohtiioo cakulitBd ^Hiiii ibe fimits np^diM is plotted oq a map as a drcte. 
Areas fviuch have a nmtiber itf sohitioiis stqiediDposed on top of Mch other indicate 
the hi^st degree of accuracy for that target. The procedure nsed in dus PMvey was 
to first select all solutions in the X and Y directions that had a percent error of less 
than 20 percent. The next step was to select the same XY parameters and add the 
depth parameter with a percent error of less than 15 percent. In Figure 9, these 
solutions are shown. The depths to the solutions are also shown in the colour coded 
legend. Some of the sohitions aee tightly clusteied viiufe odwrs are not To increase 
die location accuracy of die sohidoBS fiudier restricdons on die XY error was 
necessary. Hgure 10 diows the final map of GRIDEPTH* solutions using a XY error 
of less liixa 10 pncent and a Z errw of less than IS percent The dq>dis to these 
solndons are shown in die legend. 

EM-61 METAL DETECTOR 

The EM-61 is a Mj^ smsidvity, Mgh resolotion time-domain m^ detector whidi 
can detect bodi forous and non-ferrous metals.'^ The instrument consists of a 
transmitter coil witii coincident receiver coil, a second receiver coil, a backpack with 

batter\' power and processing electronics and a digital data recorder. The transmitter 
and receiver coils are one metre square and can either be carried, suspended from a 
belt harness or mounted on a cart. The upper receiver coil and the lower coincident 
receivei/tFansmitter coils are qMced veitk:ally by 40 cm widi a distnwe of 45 cm 
maintained between die groond and die lower coils. 

The EM61 generates electromagnetic (EM) pulses 150 times per second and 
measures during the off-time between pulses. After each pulse, secondary EM fields 
are induced briefly in moderately conductive earth and for a longer time in the 
metallic targets. Between each pulse the EM61 waits until the response from die 
conductive earth dissipates and then measures the prolonged buriedmeta} response. 
The rH^nse vahie is in millivolts (mv).'' 

For data interpretation, the data from the top and bottom receiver coils are referred 
to as channel T and channel B respectively. The differential channel is calculated 
automatically from the following formula: 

D = k*GHT-GHB 

where D is differential output in mv 

CH T is output from top coil in mv 
CH B is output from bottom coil in mv 
k is depth coefficient normally set to 1 
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By compaiing the response from diaiuoel B scid i^e (Itlfer^ial diauEdiel, many 
anomalies due to surface scrap metal can be elimli^tted. Qiannd B ccmtalns 
information from all targets within the leach of the EM-61 while the differential 
channel shows mostly deeper targets and suppresses response from near surface 
material. An apparent depth to buried targets can be calculated using the computer 
program Dat61 . This calculation is based on the ratio of amplitude from channel T 
and channel B response. The calculation of apparent depth is an approximation, 
which is usuaUy sUghUy deeper than the actual depth. 

EM-61 SURVEY 

On the Elmira site, the EM-61 could not be trailer mounted due to the ruggedness of 
the terrain and the snow depth. The southem third of the site was investigated in 
winter although the survey had to be terminated due to snow depth and continued in 
the spring. The survey was conducted in the manual mode by taking readings about 
every 0.833 metres along the grid lines with distance checks at 5 metre intervals. The 
survey lines wefp spaced at 2 metre intervals which is the maximum spild&g that 
should be used with diis instrument sauce It has an extremely high lateral resfolntion. 
The grid lines were essentially the same as used in the walking gradiomeler survey. 

EM-61 SURVEY RESULTS 

In Hgiires 11 and 12, the anomalies ftmn &e BM-61 data for channd B and the 
differential channel are shown. The interpretation of these anomalies involved 
viewing the anomahes in profile on the conqputer and using the Dat61 program to 
calculate an apparent depth to target. The apparent depth and the response values 
were then compared to Figure 13 which shows a graphical response with depth for 
a 55 gallon steel drum. From the EM-61 data interpretation, 33 anomalies were 
selected as having the potential to be caused by a steel drum (ie. all targets that could 
be caused by a single 45 gdlon drum &C larger were selected). 

Note: 

During the EM-6 1 survey, a noise problem occurred with the top channel data. Two 
possible causes could be that the back pack was at times to close to the top channel 
receiver coil or there may have been some moisture in the connectors. The 
transmitter and receiver coils had to be carried since the terrain was to rugged for 
them to be cart moimted. (Mm <xamsd<m were roide to the top channel data^ 
however, in ddiftg so, some iu^g^ve values were created in die differential channel 
data as can be seen in Figure 12. This problem was worse in the first half of the 
survey which was conducted during the winter. 




EM-61 METAL DETECTOR SURVEY \ 



23 0 25 CHANNEL B ANOMAUES 

, ■ FWURE 11 I 

(meters) 



KF.MOE. i»8 




25 



0 

(metera) 



25 



EM-61 METAL DETECTOR SURVEY 

DIFFERENTIAL CHANNEL AN0MAUE5 
FIGURE 12 



KF,MOE.)99« 



31 



Figure 13. Response From EM-61 Metal Detector with Depth for a 55 Gallon 
Steel Drum." 
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SUMMARY Of GRAmOMETER AND EM-61 SURVEYS 

The anomalies from the gradioiiieter sorv^ ipelected with the GRSDSFTS^ program 
and Ae 33 ancsnalies st^ocmd fym iSm BM^l data were sumourized inio a total of 
51 anomalies to be iavcd^alBd. ThiM levels of priority. A, Band C, were assigned 

for tbe purposes of excavation base on the likelihood that the anomaly was caused 
by a buried drum. These prioritized anomaUes, showmg the approximate depth 
expected in brackets, are shown in Figure 14. All of the above anomalies were 
excavated and a total of 27 drums were recovered. Of the total of 27 drums, 24 
drums were in the A pnority anomahes and 3 were in die C priority an(Hnalies. 
Figure 15 shows the list of anomalies where dnmis were tostumtd. The other 
anomalies co n taned various amoimtsof sciipfflBlal wMchhidndedKinfofcingrods, 
wire, sted stnfiping, steel posts, pipe, pam of colvem and pai^ 



FIGURE 15. List of anomalies which contained drums at the Elmira Site. 
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4.13 THE MAGNETIC RESTONSE ASSOCIATED WITH VUSOD 
WELLS, PIPE LINES AND FUEL TANKS. 
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In Figure 1 6, examples of the magnetic response from several wells, a 4 inch gas pipe 
line and a 1000 gallon buried fuel tank are illustrated. The magnetic response from 
well casings appears as a single monopole, positive anomaly. It is actually a dipole 
anomaly but since the casing is vertical, only the single pole is recorded. Vertical 
pipes or metal rods will all show as a single monqpole anomaly. The examples oi 
magaetic moiiiet Xq c w eib, shown in Figure 16, are typical wh ere te e is Miroag 
cin»lir«niMfy which decfMttMif^^ 11wwelleiMi|ihiwe 
bencatdTbekmgiDBiidioi£iOB«t8dme unknown depth. The varioos ^rii i thow 
diffarent strengA anomalies which reflect the length and size of the casing, and tfie 
distance from the magnetometer to the top of the casing. Where the anomalies stop 
being circular in nature, the ei^ects of some oth^ metallic object is influencing the 
magnetic field. 

Hie 4 inch gas pipe Une shows a typical Mne of aitemating 
pQaMve and iHgndye aaoBilisK. This' is due to Ihe fact that the pipeline is 
CQMtractid of a series of kaglhs of pipevittiched together and each of pipe 
shows atypical dipole anomaly. 

The 1000 gallon fuel tank shows a typical dipole magnetic signature where the 
positive anomaly is located over the tank and a smaller negative ttomaly is loiiStuid 
ontbenoithsideof thetnk. In this cac tee mc also odier oagntive anoasdies 
north of the taak associatud with surface metal near the building and the nearby 
ndkr. 
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4.14 A COMPARISON OF THE MAGNETIC RESPONSE FROM BURIED 
FUEL TANKS WITH REGARDS TO SIZE AND ORIENTATION 

The three main factors in determining the magnetic signature for buried tanks is the 
size, depth of burial and orientation. The size and depth ot burial will effect 
maximum amplitude of the magnetic response as well as the area of the anomaly. 
The orientation will effect the size of the negative anomaly associated with the lank. 
All tanks produce a negative anomaly at the north side of the tank, however, tanks 
orientated in a north- south direction have stronger negative anomalies. This will be 
particularly true when the induced magnetic field and the permanent magnetic field 
are in the same direction. 

In Figure 17. a composite of five sites, investigated for hydrocarbon contamination 
illustrates the various magnetic responses for buried fuel tanks with respect to size 
and orientation. At each site, the number of tanks, capacity in litres and orientation 
with respect to a north arrow is shown. 

All of the anomalies are dipole (ie have both a positive and negative pole) however, 
Site A with the tanks orientated in the north-south direction has the strongest negative 
pole. This is partly do to the size of the tanks. In comparison, the two 15.000 Htre 
tanks at Site D orientated generally east-west, only has a small negative anomaly to 
the north ot the tanks. With the exception of the tanks at Site A. the tanks are located 
completely within the positive section of the anomaly. In Site E, the tanks are buried 
with other metallic rubble and both the strong negative anomaly at the north-west 
comer and the strong positive anomaly at the south-east sides of the tanks is due to 
other metallic objects. 
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A COMPARISON OF THE MAGNETIC RESPONSE FROM FUEL TANKS 
WITH REGARDS TO SIZE AND ORIE^f^ATION 
^"'^'"^ RGURE 17 



KF. MOt. !99e 
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4^ ELLCl ROMAGNETIC 

The Geonics EM-31 Terrain Conductivity Metre is one of the most commonly used 
electromagnetic instruments in use today for mapping changes in ground conductivity 
down to a depth of about 6 metres. The following are three examples of using the 
EM-31 in mapping various types of contaminants ie., landfill leachate, acid sludge 
leachate and salt contamination. The fourth example of the use of this mstrumenl is 
in mapping the location of a landfill site after it had been returned to agricultural use. 

The popularity of this in^tnunent is due largely to the ability of a single operator to 
measure terrain conductivity over a large area quickly. For data collection, the 

operate has he option to record either manually, reading directly from the instrument 
console, or automatically with the use of a digital acquisition system (data logger or 
infield computer). Digital acquisition can be either automatic, or in a manner 
programmed by the operator, or direct to be triggered by the operator at selected 
locations. A global positioning system (GPS) can be used to accurately record data 
locations. 

In the following four cases, only the Quad-Phase data was recorded in the vertical 
dipole mode. 

4.21 THE DELINEATION OF AN ACID SLUDGE PLUME NEAR 
BRESLAU 

Between 1960 and 1975. acid sludge was deposited in unlined lagoons at a plant in 
Breslau wliich produced the acid sludge as a byproduct of an oil reclamation process. 
Test wells down-gradient from the lagoons revealed groundwater contamination in 
the upper sand aquifer. To determine the direction and measurable extent of the 
contanunation plume, an EM Conductivity Survey was conducted in November, 
1984. 

The geology consisted of a shallow and deep sand and gravel formation separated by 
a silty clay till. The shallow sand formation appears to thin towards the south, some 
of which may be due to past sand and gravel extraction. Leachate springs were 
evident at the time of the survey south-east of Test Well 7-79 (Figure 18). 

The EM-31 survey was conducted on a general 25 metre grid over the area. In some 
areas, (where more rapid changes in conductivity were occurring) readings were 

reduced !(i a 12 5 meire spacing along the grid lines. Due to geographical changes 
which directly related to variations in the unsaturated thickness as well as changes in 
geology, the background values varied substantially bei\.\ een 1 .2 and 1 2 mS/m. In 
Figure 1 8. the contamination plume in the shallow sand and gravel formation is 
outhned by the 14 mS/m contour. 
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The shallow plume moves in a south-easterly direction which is approximately 90 
degrees different than the groundwater flow direction in tiie lower sand and gravel 
aquifer which flows south-westerly towards the Grand River .^-^ 

422 THE MAPPING OF A LEACHATE PLUME FROM THE 
THKSSAl ON rAIVnFTI I SITF 

The Thessalon Landfill Site is located just north of the Town Of Thessalon on 
Highway 1 29. This site has been in operation as a disposal site from the mid 1930s. 
In 1 97 1 , a certificate of i^proval was obtained for the site which has been operating 
as a licensed landfill since diat time. The site contains two fill areas. The old fill area 
was closed in 1995 when the new fill area was opened. The whole site is scheduled 
to be closed sometime in 1997, about six months after a new site for the area opens. 

The geology in the area of the landfill site consists of a large bedrock ridge 
overlooking a relatively flat-lying glaciolacustrine silt and clay deposit to the north 
and west. The landfill site is located on the northerly edge of the bedrock ridge 
where two bedrock depressions were used as fill areas. The toe of the most w^terly 
fiU area, which has been closed for some time, is at the northern edge of the landfill 
property. The chloride concentrations for Boreholes 1 and 4, located down-gradient 
from the old fill area were 1 1 30 mg/L and 1 250 mg/L respectively indicating the site 
was out of comphance with the Ministry's Guideline B-7(Reasonable Use Policy). 

GEOPHYSICS 

In preparation for closure of the site, an EM Conductivity Survey was requested to 
map the direction and measurable extent of the leachate plume. This information 
would then he used to determine if wells down-gradient of the site are likely to be 
impacted and also to help determine the amount of land that would be necessary to 
be purchased in order to comply with the Ministry's Guideline B-7. 

The survey was carried out on a base grid spacing of 10 by 20 metres which was 
reduced to a 10 by 10 grid in some of the plume areas. The terrain conductivity 
values recorded varied from a high of 74 mS/m at the toe of the old fill area to a low 
of 3 mS/m on the bedrock outcrop. In the area down- gradient of the new fill area, 
the terrain conductivity values were only 14 to 16 mS/m probably reflecting partial 
penetration of the induced electromagnetic field into the bedrock. Since the new fill 
area had only been in operation for a short time, the leachate plume from that area 
would also not be expected to be well developed. In areas where the overburden 
thickness was greater than 6 metres the background terrain conductivity values were 
appro.ximatcly 24 mS/m. This value may also vary slightly depending on the degree 
of saturation of the area where the readings were recorded. The 30 mS/m terrain 
conductivity contour, shown in Figure 19, outlines the main contamination plume 
originating at the toe of the old fill area migrating westerly across Highway 1 29. The 
plume appears to continue along a slight depression in a southerly direction around 
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EM CONDUCTIVITY SURVEY 

LEACHATC PLUME FROM THESSALON LANDFILL SrTE 
FIGURE 19 
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a bedrock controUed hill. The actual extent of tiie pluine in the slight depression 
would have to be determined by groundwater sampling. 

In order to relate the groundwater chemistry with the EM conductivity plume across 
Highway 1 29. the Ministry requested that an additional well (OW- 1 -96) be installed 
at about the 38 mS/m contour west of Highway 129. The October 96 chemical 
analysis showed the chloride levels to drop from 1250 to 458 mg/L between BH-4 
and OW-1-96 respectively. The consultant had previously calculated that using 
chlorides as the ciitical ccmtaminant, the m^imum level of chlorides at the point 
where the MOE Guideline B-7 (Reasonable Use Policy) would be met would be 128 
mg/L. Using some simple calculations comparing the chloride levels and EM 
response at wells BH-4 and MW- 1 -96, the Ministry determined that the "Reasonable 
Use Policy" would be met at approximately the 29 mS/m contour on Figure 19. 

CONCLUSIONS 



1 . The direction and extent of the contaminant plume would indicate that the 
private well, just north of the survey area should not be impacted. 

2. Based on the geophysical survey and hydrogeology, the consultant 
recommended the purchase of a triangular shaped property north of the 
landfill site that would meet the Reasonable Use Guideline B^7. 

3 . The property west of Highway 1 29 is owned by the Town of Thessalon where 
the remainder of the contamination plume is contained. At the present time 
the plume is not reaching the river and the only other concern is that the town 
must take measures to ensure that drinking water wells are not constructed on 
the property in the future. 
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423 THE MAPPING OF A SALT C ONTAMINATION PLUME FROM A 
STORAGE FAC ILITY IN MULMUR TOWNSHIP 

BACKGROUND 

A salt contaniinalion complaint from a property owner near the Township of Mulmur 
Works Yard, resulted in an EM Conductivity Survey to determine the direction and 
measurable extent of the contamination plume originating from the works yard. The 
Township had maintained an uncovered salt-sand pile for winter raid salting 
operation for 13 years prior to the BM Conductivity Survey in 1987. Three wells in 
the area of the Works Yard included the Townships drilled well and two privately 
owned dug wells referred to as dug wells number 1 and 2 in Figure 20. The township 
well was drilled through mainly sand and gravel to shale bedrock at 29.5 metres. 
Dug well #1 (2 tiles deep) was located approximately 150 metres south-west of the 
salt-sand pile and dug well #2 (2,5 tiiles deep) was located approximately 300 metres 
south east of the salt-sand pile. On £>ecember 8, 1986, chloride concentrations for 
tfie township well and dug wells #1 and 2 were 1.0, 3.0 and 983 mg/L respectively. 
The Township was reluctant to assume responsibility for the salt contamination in 
dug well #2 since dug well #1 was closer to the salt-sand pile and was not 
contaminated. 

The geology of the area surveyed was described by Chapman and Pumam as being 
part of a glacial spillway. The township well indicates mainly sand and gravel to the 
top of a shale bedrock at 29.5 metres. The elevation of the township salt-sand pile 
was approximately 1 0 metres higher than both dug wells #1 and #2 which are located 
at the base of a bluff where the groundwater table was shallow. 

GEOPHYSICS 

The EM Conductivity Survey was carried out with the Geonics EM-31 Terrain 
Conductivity Metre. The Quad-Phase data was recorded on a 10 metre grid with the 
instrument in the vertical dipole mode. Figure 20 indicates a contamination plume 
to originate at the salt-sand pile and migrate in a southeasterly dnection. Due to the 
deep water-table in the vicinity of the salt-sand pile, the chloride plume disappears 
below the depth penetration of the instrument (6 meU:es) within 100 metres ol the 
source. Below the blujST, &e water table was shallow md the plmne reiqjpears in 
what appears as two point sources and eohtinues to migrate in the same direction to 
the soudieast. The plume is still detectable 400 metres from the source. The 
privately owned well #2 \\a^ located just inside the 20 mS/m contour. The 
background values lor the area below the bluff ranged between 6 and 8 mS/m. 
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CONCLUSIONS 

The contamination plume clearly identifies the groundwater flow direction to be 
towards the southeast in the direction of the Pine River. Privately owned well #2 was 
definitely located within the plume from the salt-sand pile and as a result of this 
survey, the Township assumed responsibility for replacing the water supply for that 
property. Privately owned well #1 was not affected since it was outside the 
contamination plume, and due to the groundwater flow direction, will not be affected 
in the future. 

4J4 EM CONDUCTIVITY SURVEY TO DETERMINE THE AREA OF A 

CLOSED LANDFILL SITE Af TER PAP PEBN RETURjNEP TO 
AGRICULTURAL USE 

In many cases the location of former waste sites are difficult to find especially if there 
is no visible mounding. The surface may be reforested, returned to agricultariaA use 
or used for some other purpose. One of the ways to relocate these sites is by carrying 
out an EM Conductivity Survey. The following example is at a closed waste site near 
Tillsonburg. 

I ' — 




Figure 21. Photograph show ing western section ot lormer hindlili after it was 
returned to agricultural use. Monitoring Well 5 in foreground. 
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BACKGROUND 

Before this site became a waste disposal site, it was described as an excavated burrow 
pit^* of clay and sandy soil. The depth of the pit was about 1 4 metres and was about 
2.8 hectares in size. In 1971 a certificate of approval for a landfill site was obtained 
for the handling of 90% domestic and 10% commercial, industnai and construction 
debris. The site was operated until 1979 ^i^ieD it was co^ 
to be letonied 10 i^rieotond use. At the tiii»of the sorvcy in 1992, ir was being 
used to gcow com. The photograph shown in Fignre 21 shows a section of the site 
taken from jtist east of OW-S lo(^g south-west 

GEOLOGY AND TOPOGRAPHY 

The geological log for wfai^ is considered to represent the natural 

conditions at the site was as foHows: 



The monitoring wells drilled thion|^ the gari>age indicated that the final cover 
material for the site coosiiBted of siltjr clayiwying between 0.9 and 43 metres tiiiok. 
The tdpogn^y of the site is generally flat with a ravine bordering the northern and 
eastern edge of the site. The elevation difference between the top of the site and die 
stream (Tributary of Big Otter Creek) is about 15 metres. 

GEOPHYSICS 

The EM Coodoctivity Sarvey was carried out by recording teniin condodivity 

values every 5 metres along ^id lines spaced 20 metres apart Backgroand temdn 

conductivity values for the area surrounding the landfill site are in the range of 10 to 
15 raS/m. On the landfill site, the terrain conductivity values ranged between 20 and 
55 mS/m. The edge of the landfill site would appear to be outlined somewhere 
between the 25 and 30 mS/m contour. 



With reference to Figure 22, the landfill site appears to be contained within the 25 to 
30 mS/m terrain conductivity contour. Although the EM conductivity method is not 
the only geophysical method applicable for locating buried wastes, it is fast and 
effecuve when mapping such large areas. 
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^ VLF RESISTIVITY 

The VLF Resistivity Survey is another op^on in moping contaminant plumes. 

Under oertun conditions where a highly resistive and uniform formation overlies or 
contains a deep channelized conductive layer, such as a contamination plume, this 
method works well. However, due to the vanable depth of penetration which is 
dependent on the formation resistivity, care in data interpretation has to be exercised. 
The two applications of VLF Resistivity Surveys which follow are a sab 
im> i w i nati on phime fito»n«ltMifB fieflity md t lusbm plume geoenMd by 
a kwiai and sewagrlafooas. 

4J1 A VLF RESISTIVITY SURVEY OF A SALT CONTAMINA'nQW 

WJMLina/^M A KmHAOM BAm ITV IM OBONn 

The pau:ol yard operated by the Region of Duiiiam has stored salt on the property for 
nae m wiiiM tmA d»icBii for iwnral yaars. Sn»e about 1979 tf» salt Ims bten 

slonvB hdSKy developed nk oMMnaiDalieD pnUHM and as a result of this 
ooMMBnation, a geophysical aanwy was revested to try and identify the probable 
source. The sources considered liwe from road salting operations, tibe salt storage 

facility and water softeners. 

GEOLOGY 

Soaii of *e Taunton ftmd (Hgnre 23), the dnttns' logs generaUy indicate sand over 

a sandy clay. The sand appears to thicken on properties E. F, and G where only sand 
is encountered to depths of 25.5, 24.4, and 12.2 metres respectively. North of the 
Taunton Road, the wells at Durham Region and property A show clay till to a depth 
of 41 and 17 metres respectively. The surface geology in the triangular property 
betvweii Beit load and the TfMMM ilond is siflte to ft fine bn^ 

VLF unmvrrr SURVEY 

The VLF Resistivity Survey was carried out using the Geonics EM16R VLF 
Resistivity Metre. Both the apparent resistivity and the phase angles were recorded 
on a 10 by 10 meure grid except in the open field south of Taunton Road and west of 
MaiB Stmt wImr tfw god was increited to 10 by 20 niBlnt. The VLF ndio 
tta n smi tt ai used for Ibis smveywaa NSS in Mai^and with afteqpeaey of 21 .4 KHZ. 
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APPARENT RESISTIVITY 



In Figure 23, apparent resistivity values greater than 150 ohm-metres are assumed to 
be background. These values were recorded on the north and west sides of the 
Region of Durham Works Yard as well as in the triangular area between Best Road 
and the Taunton Road. Background values Vif&t also recorded on the east sides of 
propettiei Q D ««d B od akiog the mm tide of die open Md surveyed west of 
Main Street (ptoperty J). Novabes wimsKOfidedon ibefiPOiitlinm 
C,D,E,F and G ditt to interference ilSQtjbaried cables. The lowest apparent 
resistivity values, around 10 ohm-metres were recofded south of the salt domes where 
some salt contamination would occur through yard operation. The areas of lowest 
apparent resistivity are outlined by the 50 ohm-metre contour. These areas are 
located in the Region of Durham Works Yard and south of the Taunton Road centred 
along Main StieeL 



PHASE ANGLES 

The phase angles indicate a geological model of two or more layers where the 
formations are either increasing or decreasing in resistivity with depth. Where 
contamination occurs, the i iiiiliiiiiiMiK il layer acts as a different geological layer 
beeanw of ii» diflbnm resistivity vikie. 



On die patrol yard property (Figure 24), die 40 degree contour outlines areas of near 
surface contamination probably due to various yard activities as well as surface 
drainage. South of the Taunton Road, the phase angles outline two areas of interest. 
The first area is in the vicinity of the contaminated wells along Main Street where the 
phase angles are greater dian SO degrees iridietfing deoeasiiig resistiviQr widi dq^ 
This fits widi the known geology of mislive dry smfaoe sand decreasing in 
resistivi^ wilh deplh doe to die oQQliminited 8|oiu^ The leoond area of 
interest is the elongated green area on property J west of Main Street which ^jtlends 
south from the Taunton Road to the south edge of the survey. The green area 
outlines a shght depression in the field indicating that the surface soils are more 
conductive than the lower geology. This may be partly due to the ditch from the 
patrol yard crossing the Taunton Etoad and discharging salty watet into diis 
d^ceasion during ^ling run off. Any nudiing imflwe.oonmminarion in dds 
depfesRkmdoesaoti9peariDhaveanefifiBctonftee(iw*aUreiis^^ 
and does not cfaiBfe die appearance of die inain oontaminatioa plume. 



I 

J 



52 



CCmCXUSIONS 

Jn Figure 23 die 150 ohm-metre resistivity contour was chosen arbitrarily as 
approximately representing the edge of the contaminant plume. The actual plume, 
however, will extend further than can be mapped with geophysics. Using the 150 
ohm-metre contour, the contaminant plume originating at the salt-sand domes, moves 
eastedy towaids Best Road and southemly centring approximately on Main Street 
ThepliHna actnafly aiijiitii >> 1 1 1 m4 tm0k ateii| Main Plum past die area surveyed. 
CheiwiaisiMiyrtsctfiwfliiMifUflaiBi^^^ 1995 indicaled 

that for the chloride parameter, only the welk on properties H and I were ova- die 
aesdietic objective of 250 mg/L for drinking water. The other wells sampled along 
Main Street to the north showed elevated chloride levels but were under the aesthetic 
objective Since these wells are closer to the main source of contamination, it might 
be expected that the chloride levels would be higher. There are, however, several 
Hiaaoas wky ihe level of fw i ii a m i ii rton skown in vaaons wafls aloaig the plume may 
vaiy: 

(1) The salt oonomtratioiis entering the groundwater flow system may vaty with 
tine doe ID aeaaoMl yaai osafeaod precqatatkm varianeas. 

(2) The depth of well intakes or sampling depth within the well with respect to the 
ldim>e^ckamcc<ldhaw aii i giiiflfmt i<to 

doriag fwgitim aiBoe the eUaride will conoeatFaie near die bottom of the 
aqatfer. 

(3) With the construction of the salt domes the concentration of chlorides entering 
the aquifer should have decreased with time. A concentrated slug of chloride 
contaminated water may be moving along the flow path and may have just 
mdMdtepropvMiaiHaBiltflhisikna. TTris ia die coacfauioii ix^t\md 
m die MQBB meponf aadiled GmumI Wner Invcsdgatkm of Salt 
Cootaoiiatoai Nadh Main Street, Orono. Also in die report, catenlalioiis 
based on the present data and well saofdes taken in 1987 where the highest 
chloride levels were in the wells on properties E and F, a possible slug of high 
chloride water may be moving at a rate of 26 metres per year. 

The odMT two poisiUe aoHieai of salt co ntamin a tio n in die aiea wcce fiDom road 
saitiaf o piiiaio iu aad watar softoaars. The actual effected road saldng along Main 

Stretcis ia^wsriUe CO diamine since it coiizes on the larger plnme from die 

of Durham yard. The effect should be similar to that of the Taunton Road where no 
significant plume appears in the surveyed area. Water softeners will have some local 
effect. The only septic bed which stands oui is on property I. This septic bed 
coincides with the blue area south east of the house and should not affect either of die 
waia on properties H and I since it is down gradient from the wdls. 
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It was concluded tibat the major soufce of salt qpntaminatton in the wells along Main 
Street is fifosQ the Region of Duiham Yard. By comparing Figures 23 aiid 24 in the 
vicinity of the contaminated wells along Main Street, die area cont^ned by the 50 

ohm-metre apparent resistivity contour in Figure 23 is very similar to the area 
outlined by the 50 degree phase angle in Figure 24. This similarity in area of low 
resistiv ily values and high phase angle further supports the theory of the presence of 
a buried sand filled channel. Such a buried channel would provide a conduit for high 
chloride water in the \4cinity of the Region of Durham's to move down-gradient 
towards the wells along Main Street. 

432 THE MAPPING OF LEACHATE PLUMES FROM THE LANDFILL 
AND SEWAGE LAGOONS AT THE FRA NKLIN SITE WITHIN THE 
LAKE OF BAYS TOWNSHIP 

The Franklin Landfill Site is located about 3 kilometres east of Dwight m the 
Township of Lake of Bays. The site is in a former gravel pit in an upland area 
approximately 300 metres north of the Oxtongue River. In addition to the preset fill 
area there is an old fill area which has been closed for several years and two sewage 
lagoons which the municipality operates. 

Several monitoring wells were installed on the site between 1989 and 1995 as part 
of a hydrogeological investigation. In 1 995, m additional two monitoring wells were 
r^uested to further define the Inhale plunks iam both the landfill areas and the 
sewage lagoon to determine if there is potential for surface water impact. The 

geophysical survey was requested to help site these wells by determining if there 
were separate plumes form the landfill areas and sewage lagoons and to map 
measurable extent and direction of such plumes. 

GEOLOGY AND TOPOGRAPHY 

The observation wells indicated that the overburden consists of mainly fine to 
medium sand over the precambrian bedrock. The overburden thickness is 1 8 metres 
at monitoring well F-7 and decreases in thickness towards the Oxtongue River where 
it outcrops on the south bank. South of the present landfill area, the surface 
topography drops abruptly in two terrace like steps of between 3 and 5 metres each. 
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In the landfill site area, there are duee drainage channels which probably receive 
groundwater discharge for at least part of the year (when the groundwater table is 
high). These areas are as follows: 

1. The seasonal stream on the north and west sides of the landfill. 

2. On the neighbouring property south-east of the lagoons, surface water was 
found ponding in September, 1995. This pond is probably spring fed. 

3. The old landfill site was placed at least partly in a depression. Water was 
found ponding in September 1 995 off the north-west comer of the old site and 
drained away in a south-westerly direction. At the south end of the old 
landfill the surface drainage followed a depression in a southerly and then in 
a south-westerly direction. Both of these surface drainage channels reach the 
Oxtongue River just east of the mouth of die seasonal stream. 

VLF RESISTIVITY SURVEY 

The VLF Resistivity was chosen for this survey because of the high surface 
resistivity, the depth to water table in some areas and the necessity to work in a 
mature forest u ithout cut lines for about half the area surveyed. Both apparent 
resisuvity values and phase angles were recorded on a 10 by 20 metre over most of 
the area with a reduced grid of 10 by 10 metc^ in some ^eas. The VLF radio 
transmitter used for this survey was NSS in Maryland with a frequency of 2 1 .4 KHZ. 

North of the present landfill, the apparent resistivity values were greater than 300 
ohm-metres and in some areas reached values greater than 2000 ohm-metres (Figure 
25). Areas where the apparent resistivity values were greater than 2000 ohm-metres 
were most likely due to the effect of the bedrock which appeared to be more shallow 
at the north side of the property. Bedrock outcrops along Highway 60 about 400 
metres nortii-east of the land&U {n«q)«rty. The t^parentre^stivit^ value measured cm 
the above bedrock outcrop was 5000 ohm-metres. At the north end of the landfill 
site, the depth to bedrock was recorded as 18.3 metres in monitoring well F-7. 

The apparent resistivity values recorded on the present and old landfill sites ranged 
betwera 20 and 50 (^im-metres with the exception of near the north end of the old 
landfiU where the ^)parent resistivity values were higher. A small area of greater 
Aan 400 ohm-metres was probably due to some resistive matedal disposed thete. 
The contaminant plume from both landfill silii»5 and ^ lagoon discharge pit are 
outhned by the 100 ohm-metre contour. The main contaminant plume starts at the 
south end of the present landfill and moves in a southerly direction passing through 
the southern section of the old landfill site and continuing past monitoring wells F- 1 1 
and F-14 whcte the plume enters the Oxtongue River. It should be noted that the 
plume does not follow the surface dq>ression shown by the arrows from the toe of 
the old landfill site but continues southward towards the river. 
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hm south of die lagoon disposal pit, the plmne fans out into a seoondaiy plume 
^cli moves sooifa-easterly towards mooitoiing well F-12. This secondaiy {dnme 

is less cUstinct past monitoring weUF-12biit piotMibly continues in the saniediieelkm 

following the slightly lower resistivity areas and entering the river east of monitodDg 
well F- 1 5 . The narrow zone of high resistivity values along the top of the change in 
topography at F- 1 2 is probably due to changes in soil moisture near the edge of die 
S metre change in elevation. 

In Rgme 26, the June 1995 chemistry data finm water sanq>les taken by Pt^^ 
Redfem Ltd. are shown. M(MutoringwdlsF-4JE^llaiidF-t4are]ocaiBdm^nHdn 

plume and monitoring well F-12 is in the secondary plume to the east. Monit(»ing 
well F-12 shows the highest nitrate values probably due to the discharge from the 
sewage lagoons. The chloride levels in monitoring well F-7 seems anomalous. Since 
the well is located up-gradient from the landfill site, the landfill can-not be the source 
of tbc chlotide. One explanation for the chloride level could be the result of winter 
road salting opeanlieos along die entrance road to the landfill. The reason why the 
geophysics isn't indicatingalowierredstivityvahie in diisareaklfaat^te 
value measured in F-7 is only around 225 umhos/cm and the saturated thickness is 
relatively thin sandwiched between two resistive formatioDS, well sorted sand and 
gravel and the precambrian bedrock. 

CONCLUSIONS 

1. The main contamhwHon plume outlined by the 100 ohm/metre i^iparent 
resistivity oooloiir AWts at Ate base of the present landfill and moves in a 
southerly direction through the lower section of the old landfill site continuing 
past monitoring wells F-1 1 and F-14 to the Oxtongue River. 

2. A secondary plume also ouliiiied by the 100 oiun/!metre apparmt resistivi^ 
contour breaks away from the main phnne just south of the lagoon's discharge 

pit and moves south easterly towards monitoring weH F-12. The hi^ nitrate 
levels in monitoring well F-12 would also suggest that the discharge pit from 
the lagoons is contributing to the plume at that location. Although not as well 
defined with the geophysics, the secondary plume probably continues along 
the same direction following the slighUy lower resistivity areas and entering 
Ae liver east of monitoring well F-15. 

3. Two other areas where off site impacts may occur are in die area of tiie two 
surface ponds on each side of tibie landfilL These are probably nunor in 
conopuison to the main plum^. 
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BBOOMMENDAHONS 

The mooitaiing wells F-ll,F-12aBdF-14 are presently mom the main plumes, 
however, an additional monitoring well in the vicinity of co-ordinates 40N SOW 
would measure any impact to the river down gradient of monitoring well F-12. In 
addition, a ground water sample in the vicinity of the east surface pond should be 
taken to determine if there is any significant impact off site in that dizection. 
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